End-linked poly(dimethylsiloxane) (PDMS) networks were prepared in the presence of fumed silica particles with hydroxyl groups at their surfaces. The silica particles were introduced into the polymer solution prior to end-linking. Hydroxyl ended PDMS chains were end-linked via the tetra functional crosslinker, tetraethoxysilane. The filler content varied in the range 0-5 wt%. Atomic Force Microscopy was used to image and characterize the silica particles. Swelling, stress-strain and thermoelasticity experiments were performed. The temperature coefficient and the energetic part of the force in uniaxial extension are found to increase with increasing silica amount. This observation is ascribed to effects contributed possibly by the adsorption layer around the silica particles. q
Introduction
Poly(dimethylsiloxane) (PDMS) is a well-known member of the siloxane family, which is heavily used in the industry. The importance of PDMS comes from its good electrical properties, optical clarity, weather resistance and very low glass transition temperature, T g (wK120 8C). Its elastic properties cover a large range of temperatures. However, its mechanical properties are very poor. Additives, particularly silica, are used to improve its mechanical properties and also to protect the optical clarity. There are very few applications of the PDMS elastomers used in the unfilled state. Filler morphology, which is described as particle size and structure, plays a significant role on the degree of elastomer reinforcement [1] . Good dispersion of particles in the elastomer is crucial for achieving qualities. Yuan and Mark reported that precipitation of the silica particles in situ provides better dispersion of the filler and enhances reinforcement [2] . The statistical properties of PDMS chains are markedly different than other chains used in the commonly used elastomers. Since, the Si-O bond is rotationally flexible, PDMS shows an unusually high degree of chain flexibility. Alternating bond angles in the PDMS chain and the ionic nature of the Si-O bond leads to highly variable conformational behavior.
The reinforcement of PDMS elastomers by fillers has been the subject of numerous studies [2, 3] . Earlier work on filled PDMS concentrated on the effects of fillers on macroscopic properties several examples to which are given in [4, 5] . The role of molecular structure at the polymer-filler interface on the filler effect is considered only in recent years. Notably, Litvinov et al. studied, by NMR, the structure and behavior of grafted PDMS chains on silica and found that the layer consists of immobilized chain segments at the PDMS-silica interface and mobile chain portions outside the interface [6] . Chains at the interface exhibited substantial decrease in heat capacity at the glass transition temperature. Some of the PDMS chain units were immobilized as a result of physical adsorption at the silica surface, the amount being proportional to the number of silanol groups at the silica surface. Gussoni et al. also used NMR spectroscopy to investigate silica filled PDMS rubbers, and observed the decrease of segmental mobility of the PDMS chains in the vicinity of the filler surface [7] . Berriot et al. employed 1 H NMR experiments on filled rubbers and observed a layer of immobilized segments at the particle surface [8] . In the case of chains chemically grafted to the silica surface, Berriot et al. observed immobile layers, which they described as a glassy shell around the filler surface. Cosgrove et al. used differential scanning calorimetry and NMR measurements, and showed that the reduction in the mobility of the PDMS chains corresponded to a shift in the glass transition to higher temperatures [9] . These shifts are relatively small. Nevertheless, they indicate the presence of a gradient of segmental mobility in going from the rubber towards the silica surface.
For an end-linked PDMS network filled with 1% by weight silica particles of about 75 nm diameter, the average spacing between the surfaces of two neighboring silica particles, assuming good dispersion, is in the order of 75 nm (see Appendix B for an estimate of this value). For 5% filler, this distance falls to 50 nm. The average end-to-end distance of a PDMS chain of 53,000 molecular weight is about 10.6 nm. Therefore, the distance between two neighboring silica particles is spanned by 5-7 network chains. Each extremity of the path of 5-7 chains is embedded in a layer of diminished mobility. The thickness of the layer is not negligible. One would expect strong thermoelastic effects arising from the presence of mobility gradients in the elastomer, which may accurately be determined by measuring the energetic contribution of the restoring force in a thermoelastic experiment. The specific aim of the present work is to study the effect of fillers on the thermoelasticity of silica filled PDMS networks.
Thermoelasticity of filled cross-linked PDMS was studied earlier by Galanti and Sperling who obtained a strong increase in the energetic contribution to the elastic force with increasing filler content [10] . Our results qualitatively agree with their results, with the quantitative difference that the energetic contribution in our measurements increases more strongly than theirs with filler amount. A precise quantitative characterization of the filler effect in PDMS networks is important due to their use in technological applications. Sperling's results and ours thus set two different levels of thermoelasticity which hopefully will further be investigated by others. Galanti and Sperling interpreted their results in terms of a semi-quantitative equation of state and attributed the increase in energetic contributions to filler-rubber interface. Their interpretation is now validated by the precise NMR observations, which we discuss further in the Section 4.
Experiments and theory
Untreated fumed silica, provided from CAB-O-SIL was used. The specifications and typical properties of the filler are as follows: The particle size of the silica is 14 
Network synthesis
The hydroxyl terminated PDMS was end-linked into a network by reacting with an excess amount of the crosslinking agent, tetraethoxysilane (TEOS). The molecular weight of the PDMS is 53 kDa (n w Z675), where n w is the weight average degree of polymerization. Polydispersity was close to 1.62. The end-linking reaction was performed in solution to facilitate the mixing process and the samples were sonicated to obtain better dispersion of silica particles. The hydroxyl ended PDMS was dissolved in toluene. The desired amount (unfilled, 1, 3, 5 wt%) of silica particles was added to the solution. The mixtures were stirred and later sonicated for 2 min to obtain a homogeneous dispersion. The favorable dispersion effects of sonication were observed by comparing with the atomic force microscope images of samples prepared without sonication. Six hundred microlitre TEOS and the catalyst, Tin(II) 2-ethylhexanoate, were added to the dispersion while stirring. The crosslinking reactions were carried out in a Teflon mold at room temperature for 24 h and at 80 8C overnight. The thickness of the resulting film was on the order of 1.5-2 mm. The amount of solvent during the end-linking process is not constant due to evaporation of toluene. An average value of 0.50 is estimated for the volume fraction of polymer during the end-linking process. Higher silica concentration (O5% wt) in PDMS films could not be prepared due to silica agglomeration. This issue will be discussed further in the Section 3.
AFM imaging
Tapping mode in air Atomic Force Microscopy (AFM) (Nanoscope IIIa, Digital Instruments) imaging was carried out with oxide sharpened Si tips. Sample surfaces were scanned without any surface preparation. AFM images are recorded in the height and phase modes. Dimensions of the silica particles were measured by the image analysis options of the Nanoscope software that provides the density and mean diameter of aggregates.
Sol-gel analysis and swelling experiments
Sol-gel analysis was performed to determine the crosslinking degree in two different solvents, toluene and benzene. A small piece of the unfilled end-linked PDMS film was placed in a 30 ml of reagent grade toluene or benzene. The sample was allowed to remain in the solvent for 2 days at room temperature. The swollen gel was taken from the solvent and dried in a vacuum oven at room temperature. The sol fraction in the end-linked sample was calculated from
where m e is the dry mass of the extracted sample and m 0 is the initial mass of the sample.
Swelling experiments of the end-linked PDMS samples were carried out in the same two solvents. The polymer films were allowed to remain in the solvent for 24 h at room temperature and the dimensions of the swollen films were measured as soon as they were taken out of the solvent. Swelling ratios q v of networks q v Z volume of swollen network=volume of dry network (2) at equilibrium were determined.
Thermoelasticity measurements
The dimensions of the samples on which the thermoelasticity measurements were performed were 40!2! 2.5 mm 3 . The ends of the sample were mounted between two metal clamps. The lower clamp was fixed and the upper one was connected to a movable force transducer. A short condenser was designed as a temperature chamber. Hot silicone oil was circulated with a temperature-regulated pump (Haake DC 30). Two small points were marked on the sample with a permanent marker. A JVC TK-C 1381 camera attached to an Olympus SZ-STUZ optical microscope was used to image the points. Displacements of the marked points were followed via an image analysis program by which the distance between the centers of points was measured in pixels. A sensitive force transducer (TSD125F, Biopac systems, Inc.) was employed for force measurement. The length between the two centers was kept constant with the help of a tension adjuster (HDW100A) that provides micron-scale control. The stress on the film was read out from the multimeter (Agilent 34401A) in terms of potential difference in volts. A schematic view of the experimental apparatus is presented in Fig. 1 . The transducer was calibrated by relating the potential difference into a force unit, by applying a set of dead weights on the transducer. Potential differences corresponding to the masses were recorded and plotted as a function of force. A linear calibration curve was obtained with a good regression value (R 2 Z0.968).
The sample was loaded and heated in a glass chamber. 120G1 8C was the highest temperature employed, and 16 h were allowed for chain relaxation. Next, a stepwise cooling was performed on the system at 20 8C intervals down to room temperature. A sufficient time, more than 2 h, was allowed to bring the system to equilibrium between two successive measurements. Force data were recorded by the help of a HP-GPIB data acquisition card. The crosssectional area of the undeformed sample was determined by measuring the thickness and width of each sample with a micrometer with a precision 100 mm.
Mechanical measurements
Stress-strain measurements were obtained at room temperature in uniaxial extension and along the direction of increasing elongations. Stress, s, is calculated as sZf/A 0 ; where, f and A 0 are the measured force and the undeformed cross-sectional area, respectively.
Thermoelasticity theory
The elastic force (f) has two components, an internal energy component (f e ) and an entropic component (f s ). The latter results from the decrease in conformational entropy due to the deformation of the polymer chains to a less probable state. The end-linked PDMS samples are stretched to a fixed length (L) and the force (f) is measured as a function of temperature at constant pressure (p). The energetic origin of the applied force is calculated according to [4] 
Here, b is the thermal expansion coefficient taken as 15!10 K6 K K1 for unfilled samples [12] . b of filled elastomers were calculated according to the following formula: wt% silica!b of silicaC(1Kwt% silica)!b of pdms.
a is the extension ratio L/L 0 , f is the force and T is the absolute temperature. Dividing through by T, and using the relation f e =f Z Td lnhr 2 i 0 =dT, we get
Eq. (4) relates microscopic information carried in the left hand side to macroscopic measurements given by the right hand side. The derivation of this equation is described in the original Refs. [13] [14] [15] .
The unperturbed end-to-end distance, hr 2 i 0 , can be estimated from hr 2 i 0 ZC M nl 2 . C M is the characteristic ratio at finite molecular weight, which was estimated by Flory for PDMS [16] using the rotational isomeric state theory to be in the range 5.85-7.60. n is the number of repeat units (675) and lZ1.67 Å is the Si-O bond length. Thus, the end-to-end distance is estimated as 10.6 nm.
Results

AFM imaging and particle size
The morphology of silica filled PDMS is presented in Fig. 2 . The background of the image is the PDMS matrix and the bright objects are the silica fillers. Aggregate density and mean aggregate diameter was measured for each sample. Results of measurements are given in Table 1 . Dispersion of the silica particles becomes relatively poor as silica concentration increases. When the silica concentration is higher, the number of silica particles per unit area becomes markedly less and mean particle diameter increases. The primary silica particles have 14 nm diameters, but they tend to aggregate, and to form larger agglomerates to reduce the total surface energy. Fig. 2(a) is for the 1% silica sample. It shows that the filler is uniformly distributed in the PDMS matrix. The tendency of the filler particles to agglomerate is enhanced as the silica concentration increases as shown in Fig. 2(b) for the 3% and Fig.  2(c) for the 5% silica samples.
Fillers with smaller particle size, i.e. higher effective surface area are favored for rubber reinforcement. Better reinforcement is achieved by increasing the effective surface area, which enhances the contact area between the polymer and filler. At higher concentrations, the particles become larger and form both aggregates and agglomerates. Thus, it is difficult to control the particle size and degree of dispersion due to agglomeration.
Swelling measurements and sol-gel analysis
Results of equilibrium swelling measurements are presented in Table 2 . The second, third and fourth columns give the elastic moduli of networks from swelling in toluene, benzene, and from mechanical measurements, respectively. The last three columns give the molecular weight of network chains, M c (obtained by equations of Appendix A). The amount of material extracted is small for swelling in both benzene and toluene, varying in the range 2-4.2% by weight. Swelling degrees of the end-linked PDMS in the two solvents are presented in Fig. 3 as a function of the amount of silica filler.
Elastomeric force and temperature coefficient
lnðf =TÞ vs. T was plotted to obtain the slope vlnðf =TÞ=vT for each sample. Fig. 4 is given as a representative plot among the other samples (unfilled, 1%, 3% wt silica). All samples exhibit similar behavior, lnðf =TÞ decreases linearly as temperature increases. The slopes of the curves are critical in determining the f e /f value, Eq. (3). Fig. 5 shows f e /f values as a function of silica concentration. The filled circles are from the present work and the empty circles denote the results of Galanti and Sperling [10] . The filled points are determined by averaging f e /f values of a sample for the three different extension ratios. The error bar corresponds to the standard deviation in the data. AFM analysis of the filled polymers indicated that aggregation of fillers increased significantly with filler content as may be seen from panel c of Fig. 2 . For this reason, filler amounts larger than 5% were not considered. Comparison of our data with that of Galanti and Sperling shows that the contribution to the energetic component of the elastic force f e /f and the rate of increase of f e /f are both larger in our measurements. It is also found that f e /f values are approximately independent of extension ratios (not shown as a separate figure) .
Values of d lnhr 2 i 0 =dT, obtained by substituting the measured forces and extension ratios in Eq. (4) are displayed in Fig. 6 as a function of silica concentration. Fig. 7 shows force-temperature data for 3% silica filled PDMS networks in elongation at constant length. Change in force as a function of temperature can be explained by the interplay of two mechanisms: at the molecular level, chains tend to retract with increase in temperature, whereas, the network as a bulk body expands by the usual thermal expansion. Retraction of the chains triggers inducing force, however, expansion of the network relaxes the chains. To compensate this effect, extension ratios higher than 1.4 were employed to determine thermoelasticity measurements in our experiments. At moderate elongation, (aZ1.37), the latter effect dominates the former. At the higher extension ratios (aZ1.53 and aZ1.75), the rate of change in force increases with respect to temperature at constant elongation.
Elastic moduli of the samples obtained by mechanical experiments and by swelling measurements are presented as a function of filler content in Fig. 8 . Empty circles are from stress-strain measurements. The filled circles and open squares are from swelling experiments in toluene and benzene, respectively. The calculations leading to the points in the figure are described in Appendix A. The empty circles are obtained from the initial slopes of stress-strain curves of the samples and indicate the small deformation moduli. The modulus increases linearly with increasing silica concentration. Results from swelling in toluene show approximate agreement with the mechanical data. Swelling in benzene yields larger values in higher silica concentration samples. The difference between results for toluene and benzene may be due to differences between the polymer-solvent interaction parameters for the two systems. However, we cannot at present explain this difference quantitatively using statistical mechanical arguments. At the temperature of measurements, the polymer-solvent interaction parameter data given in Appendix B shows that toluene is a slightly better solvent for PDMS than benzene. This results in smaller degrees of swelling of the same network in benzene than in toluene, and therefore, leads to higher values of the modulus for the benzene-PDMS system. Fig. 3 . Equilibrium swelling degree of PDMS networks for unfilled and filled with 1%, 3%, 5% wt fumed silica in benzene and toluene.
Discussion
The temperature coefficient of PDMS chains are positive with an experimental value of f e /fZ0.2 and d lnhr 2 i=dT Z 0:67 !10 K3 [17, 4] . The present results which agree with those of Galanti and Sperling are lower, lying in the range f e / fZ0.11-0.15 and d lnhr 2 i=dT Z 0:32K 0:45 !10 K3 . The observed increase in f e /f and d lnhr 2 i=dT with filler content results from the presence of the filler, or more specifically from the filler polymer interface. As suggested by the recent NMR, DSC and AFM measurements, the presence of a mobility gradient of the chains plays important role in the observed temperature dependence [6, 8] . The chains in a bulk amorphous elastomer have the full freedom of taking all possible configurations, subject to the constraints imposed by the cross-links at their two ends only. However, the presence of nanometer size fillers results in adsorption and immobilization of a significant fraction of these chains on the walls of the filler.
As shown in Appendix B, a path from the surface of one filler to the neighboring one contains about 3-7 chains for filler loading of 1 wt%. A fraction of the segments of these chains along the path will be immobilized, due to the presence of the filler, and the basic postulate of an amorphous network chain will hold only for the remaining mobile segments. Uniaxial tensile deformation of the network is expected to move chain segments from the immobilized region, as a result of which, the number of segments in the mobile region will increase. We show in Appendix C that only a very small number of segments moving from the immobilized to the mobile regions will contribute significantly to the temperature coefficient of the filled networks. The magnitude of this contribution from the interface to the temperature coefficient is significant, and we think that a better understanding of the thermoelasticity of filled elastomers is only possible by a complete understanding of the rubber filler interface.
We would like to add in conclusion that two important factors that affect thermoelasticity of filled networks should be taken into consideration in future work. The first is the effect of precursor chain length. The present study only addresses the effect of fillers for networks with single M c values for the precursor chains. Thermoelastic effects for networks of different length precursor chains prepared by different filler amounts are expected to be important and should be studied in detail. Secondly, the effect of filler aggregation on thermoelasticity of networks should be studied in more detail. A significant amount of aggregation is observed in the samples of the present study in going from 1 to 5% silica content, as can be seen from Fig. 2 . Aggregation decreases the effective surface area of fillers, and increases the space between neighboring aggregates. These two factors are expected to decrease the filler effect on rubber elasticity, the extent of which could possibly be studied with elastomers having in situ generated fillers.
According to this expression, the role of the indefinite parameter K is inconsequential because of the cube root. For KZ2, and for weight fractions ranging between 1 and 2%, the l/D ratio varies between 3.45!l/DO5.93. For the networks used in the present experiments, using hr 2 i 0 ZCnl 2 , with CZ6.0, nZ675 and lZ0.167 nm, the root meansquared end to end distance is calculated as hr 2 i 1=2 0 Z 10:6 nm. For a particle of DZ15 nm, 51!l!89, corresponding to 3-7 chains between two neighboring particles.
Appendix C. Contributions to the temperature coefficient of PDMS chains
Consider a chain with n 0 bonds. Assume that the chain spans the distance between two filler particles, and that it is divided into three parts with n 0 , n, and n 00 bonds. Assume that the parts containing the n 0 and n 00 bonds are immobilized at the walls of the two filler particles, and that the middle portion with n bonds can take all possible configurations subject to the connectivity of the chain and the constraints imposed by the two ends. Also assume that bonds are transferred from the immobilized portions containing the n 0 and n 00 bonds as the temperature is increased. The mean-squared dimensions of the central portion containing the n segments will change according to The first term on the right-hand side of Eq. (C1) is the well known temperature coefficient expression, and the second term reflects changes in dimensions when bonds are released from the immobilized ends into the mobile part of the chain when the temperature is increased. For chains for which hr 2 iZC N nl 2 , Eq. (C1) reduces to
The Rotational Isomeric States (RIS) calculations have been performed for PDMS chains from which the limiting value of 0.75!10 K3 have been obtained for dC N /dT [17] . The second term, (1/n)dn/dT, consists of two parts, the first part varies with inverse of the number of repeat units. The second part equates to the number of bonds moving from the immobilized to the mobile section of the chain per degree increase in the temperature. RIS calculations indicate that C N is reached for PDMS chain when nZ200. Thus, if only one bond moves from each end to the mobile part of the chain per 10 degrees increase in temperature, the contribution of the second term of Eq. (C2) will equate to 1.0! 10 K3 , which is already larger than the first term. It should be noted that these calculations are only approximate and are only estimating the order of magnitude of the two different contributions. If the network chains are not long enough, then the first term in Eq. (C2) reads dC/dT, and may depend on the number of bonds. We have performed RIS calculations for different length chains, with the energy and geometry parameters given in Ref. [20] . For nZ20, dC/ dTZ0.50!10 K3 , and converges rapidly to the limiting value of 0.75!10 K3 , indicating that this term does not depend significantly on chain length.
